A sheep preparation was developed for studying fetoplacental and neonatal blood volumes using isotope dilution techniques. Fetoplacental blood volume was measured in 46 fetal lambs (gestational age 112 to 146 days) using radioactive iodinated human serum albumin ( 125 I-RISA). In 28 of the 46 animals, blood volume was also computed using 125 I-RISA and maternal red cells labeled with radiochromium ( 31 Cr). Blood volume averaged 156.1 ml/kg of fetal weight with the single-label method and 134.7 ml/kg with the double-label method. Blood volumes measured in 17 neonatal lambs with the single-label technique averaged 110.0 ml/kg, and with the double-label technique in 10 animals averaged 104.0 ml/kg. Placental blood volume, determined by subtracting the neonatal blood volume from the fetoplacental blood volume, although varying from animal to animal, was independent of fetal weight and remained relatively constant during the last fourth of gestation.
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• Although the fetal circulation has been extensively studied, little attention has been directed toward the fetal blood volume. Since the sheep is frequently used in studies of fetal physiology, we were surprised to find a paucity of data on blood volume in the fetal or neonatal lamb (1) (2) (3) . These studies were summarized by Barcroft in 1946 (4) . An improved understanding of plasma labels and the introduction of radioisotope methodology since that time has increased the precision of blood-volume determinations.
The purpose of the present study was to measure blood volume in fetal and neonatal sheep, to evaluate the single-and double-label isotope dilution methods of blood-volume measurement, and to determine the distribution of the fetoplacental blood volume between the fetal and extrafetal (placenta and umbilical cord) compartments. This report describes the fetoplacental and neonatal blood volumes during the last fourth of gestation, Each ewe was provided with water but was not fed for 24 hours before operation. Low spinal anesthesia was obtained with 10 ml of 2% lidocaine. The animal was placed on her right side and restrained, and under local anesthesia the carotid artery was freed from the vagus nerve and cannulated with a polyethylene catheter. The pregnant uterine horn was exposed through a left paramedian abdominal incision. We then manipulated the fetus in utero so that the fetal head and neck, with uterus intact, could be extracted through the incision. The exteriorized portion of the uterus was sutured to the abdominal incision to prevent maternal evisceration. A uterine incision was made, exposing the fetal neck, which in turn was incised in the midline. Marsupialization with Allis clamps of the neck wound to the uterine wound prevented leakage of fluids. The fetal jugular vein and carotid artery were dissected free, ligated distally, and cannulated with polyethylene catheters. Using predetermined average measurements, we advanced the jugular vein catheter to the area of the superior vena cava and the carotid artery catheter to a position just within the aortic arch. The position of the catheters was subsequently confirmed at autopsy. We then exposed the fetal trachea, incised it, and quickly inserted a sealed cuffed small-animal endotracheal tube (6 or 8 French). The tube was secured and the cuff inflated to prevent the tube from being dislodged inadvertently. The fetal and uterine incisions were closed in turn, and the exteriorized portion of the uterus was returned to the ewe's abdomen. The abdominal incision was closed with towel clips and Allis clamps, leaving the three catheters exteriorized. The catheter in the fetal jugular vein, shortened to a total length of 12 cm, was used for injections. The catheters in the fetal and maternal carotid arteries were each connected through a three-way stopcock to a Statham P23D transducer. The maternal and fetal arterial pressures and heart rates were recorded on a Sanborn Series 350 recorder. Fetoplacental blood volume determinations were begun 30 minutes after the uterus had been returned to the abdominal cavity.
In some experiments, neonatal blood volume was determined as follows. Immediately after completion of the fetoplacental blood volume measurements, we reopened the ewe's abdomen and uterus, delivered the fetus onto a warming pad, and within a 5-second period clamped the cord as close as possible to the fetal abdomen. The endotracheal catheter was unsealed, suctioned of tracheal fluid, and connected to a Bird respirator. The neonate was ventilated at 30 cpm with 100% oxygen at 40-cm water pressure for 1 minute; the pressure was then reduced to 30 cm for the remainder of the determination. After 5 minutes of ventilation, neonatal blood-volume measurements were begun. At the termination of the procedure, the neonate was weighed on a balance scale; this weight was assumed to be equal to the fetal weight. The cord, membranes, and cotyledons were not weighed.
Arterial blood samples obtained from the ewe, the fetus, and the neonate, before and after the blood-volume measurements, were assayed for pH and Pco 2 (Astrup Radiometer), Po 2 (Beckman Gas Analyzer, model 160), and microhematocrit (Clay-Adams model MB Micro-Hematoerit).
BLOOD VOLUME DETERMINATIONS
Fetal and neonatal blood volumes were determined by either the single-isotope or doubleisotope dilution technique (5). In the single-label method, radioactive iodinated human serum albumin ( 125 I-RISA: Albumotope, E. R. Squibb and Sons, New York) was used to measure total blood volume. In the double-label method, total blood volume was determined using 12B I to measure plasma volume, and maternal red cells labeled with radiochromium ( 51 Cr) to measure red cell volume. Also, in the latter method, 125 I can simultaneously be used to compute total blood volume as in the single-label method. Thus, the use of two isotopes allows a comparison between the total blood volume values as derived from the single-and double-label methods. After obtaining a blood sample for determination of background radioactivity, we injected either one or two isotopes into the fetal venous catheter. Samples of arterial blood, 2 ml each, were collected 15 and 30 minutes later for radioactivity determinations. The catheters were flushed with 2 ml of saline after each injection or sampling. All blood samples were heparinized.
Radioactivity counting was done with a welltype scintillation counter (Nuclear Chicago, model 132A). The sealer had been calibrated to achieve maximal counting for 125 I at 31 kev and for 51 Cr at 290 kev. With this calibration no 125 I counts appeared in the 31 Cr window, and 3.6% of the 51 Cr counts appeared in the 120 I window. The injection syringe was counted before and after the injection of isotope to determine the amount of radioactivity injected. The fetal venous catheter Volumes expressed in ml/kg of fetal weight.
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was checked for residual radioactivity at the termination of the procedure, and in no instance plasma label in the 15-and 30-minute samples was extrapolated backward to the zero time intercept. This value was used to calculate the total blood volume or the plasma volume. The labeled red cells appeared to have been uniformly distributed throughout the vascular tree during the sampling interval (variation in red cell volume between the two fetoplacental or the two neonatal samples in 50 determinations averaged 4 ml, range 0 to 14 ml). Thus, the red cell volumes calculated at 15 and 30 minutes were averaged.
To check for possible loss of 51 Cr from the labeled red cells, plasma from the fetoplacental and from the neonatal blood samples was assayed for 51 Cr activity.
Results
The fetoplacental blood volume was measured in 46 fetal lambs by the single-label technique and in 28 of the 46 animals by the double-label technique. The results are summarized in Table 1 and depicted in Figure  1 , where volume is plotted against fetal weight. In the single-label studies, the mean fetoplacental blood volume ( ± S E ) was 156.1 ±2.9 ml/kg of fetal weight. In the double-label studies, the mean fetoplacental blood volume was 134.7 ± 3.1 ml/kg; the mean plasma volume was 89.9 ± 2.0 ml/kg; red cell volume was 44.8 ±1.8 ml/kg. 
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FETAL, PLACENTAL AND NEONATAL BLOOD VOLUMES
Relationship between fetoplacental and neonatal blood volumes (ml/kg neonatal weight) as determined by the single-label isotope technique (see text). Solid circles indicate fetoplacental (F) blood volumes and open circles indicate neonatal (N) blood volumes. Regression lines were derived by the method of least squares.
determined with 125 I alone was 110.0 ± 5.0 ml/kg neonatal weight. In the 10 determinations with 125 I and 51 Cr, the mean blood volume was 104.0 ± 4.2 ml/ kg; mean plasma volume was 72.4 ± 2.6 ml/kg; and mean red cell volume was 31.6 ± 2.3 ml/kg. The placental (placental and umbilical cord) blood volume was computed by subtracting the neonatal blood volume from the fetoplacental blood volume. These values expressed in milliliters per kilogram of fetal weight and as a percent of fetoplacental volume are given in Table 3 . As shown, the placental blood volumes varied widely and did not increase as fetoplacental blood volume increased. This is explored further in Figure 2 , where the regression lines for the fetoplacental blood volumes and for the neonatal blood volumes determined by the single-label technique are depicted. The slopes are parallel within the limits of error (analysis of covariance, P > 0.5). Thus, throughout the weight range and gestational ages studied, the placental volume appears to be constant.
In 14 experiments, the plasma of both the fetoplacental and neonatal blood samples was checked for 5] Cr activity. Of the total 51 Cr activity of the whole blood sample, 0 to 3% was usually found in the plasma and the radioactivity never exceeded 5%. Some of the plasma radioactivity could have resulted from contamination of the supernatant fluid with a few tagged cells during pipetting. The total red cell volume computed by correcting for the plasma count of 51 Cr never differed by more than 2 ml/100 ml from the volumes computed without correcting for this factor. Thus, we did not correct our values for the possible loss of tag. Within the time period involved in our blood volume determinations (30 minutes), loss of the 51 Cr tag from the red cell was not significant.
The acid-base and blood-gas tension measurements did not vary significantly during the blood-volume determinations as Maternal, and after pH Pco., Po, shown in Table 4 . We therefore cannot comment on the possible effects of an abnormal acid-base state on blood volume. There was no apparent compromise of the fetus due to the surgical preparation, but it is certainly possible that fetal compromise, or blood-volume shifts, can exist concomitantly with normal blood gases.
FetalI and Neonatal Carotid
Discussion
The present studies were designed to measure the fetoplacental blood volume and the distribution of this volume between the fetal and extrafetal compartments of the fetal and neonatal sheep, utilizing radioisotope techniques of blood-volume estimation. Measurement of normal relationships are necessary before it is possible to evaluate the influence of physiological variables, such as respiration or hypoxia on volume distribution.
The original work was performed with a single isotope label, using two sampling intervals to correct for loss of plasma labels from the circulation. This enabled us to minimize the error which is introduced by the use of only one sampling interval (6). The use of two labels permitted the calculation of plasma and red-cell volumes for the sheep fetus which have not previously been reported. It also eliminated the inherent error in total blood volume measured with only one tracer which relates to the difference between the sample central hematocrit and the average circulating body hematocrit. This error results in an overestimation of volume (7).
The simultaneous calculations of volume based on a single or a double label in these experiments demonstrated an overestimation of volume in each instance with the single label as compared to that obtained with two labels. The overestimation was in the range of 10£, throughout the weight spectrum involved. On the other hand, the double-label method is more involved and time consuming and one must consider objectives before deciding which method to employ. Although the single-label method results in an overestimation of volume, it does give reasonably reliable and reproducible results.
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Both results have been reported here for reference purposes.
The measurement of the proportions of blood volume in the fetus and in the placenta are based upon subtraction of the neonatal blood volume from the total fetoplacental blood volume. As the neonatal blood volume is determined by an independent isotope injection, the question arises whether the neonatal volume has changed significantly in the 30-minute measurement period. Usher et al. (8) , in a study in newborn infants, showed a marked rise in hematocrit within 30 minutes of birth in infants having delayed cord clamping, and no perceptible change in infants that had immediate cord clamping. In our experiments, in which immediate cord clamping was always performed, there was also no appreciable difference between the 15and 30-minute hematocrits, nor did red cell volume itself vary. Therefore we feel that we were not dealing with an appreciable neonatal blood-volume shift during the measuring time. Also, as the immediate clamping of the umbilical cord prevents any transfer of blood from the placenta to the neonate, we have assumed that fetal weight is equal to the neonatal weight.
During the last fourth of gestation, the total fetoplacental volume increases linearly with increases in fetal weight. This would appear to be in agreement with Barcroft's data (1) , but a statistical comparison is not warranted since he studied a limited number of singleton pregnancies in the last fourth of gestation.
The fact that the slopes of the fetoplacental blood volumes and neonatal blood volumes are not statistically different leads to the conclusion that the placental blood volume, although perhaps variable from animal to animal, is relatively constant during the last fourth of gestation. The placental volume forms an ever decreasing ratio to the fetoplacental volume. This would confirm Barcroft's findings, and lend support to his opinion that the "vascular bed of the placenta is laid down as part of the anatomy of the placenta and not as part of its physiology" (4) .
Clinical studies have shown that blood may be transferred from the placenta to the neonate, or vice versa, if umbilical cord clamping is delayed (8) (9) (10) (11) . The present studies do not give us any insight as to whether the neonate is rendered hypovolemic at birth if it is abruptly isolated from the placental pool. However, they do demonstrate that the placental blood volume can be large. Since the placental blood volume forms a greater proportion of the fetoplacental blood volume earlier in gestation than at term, it is of greater significance when dealing with the premature neonate. The present model can be used to investigate the variables that might affect the placental transfusion.
